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Muscle cells are surrounded by extracellular matrix, the components of which play an important role in signalling mechanisms involved in their
development. In mice, loss of collagen XV, a component of basement membranes expressed primarily in skeletal muscles, results in a mild skeletal
myopathy. We have determined the complete zebrafish collagen XV primary sequence and analysed its expression and function in embryogenesis.
During the segmentation period, expression of the Col15a1 gene is mainly found in the notochord and its protein product is deposited exclusively in
the peri-notochordal basement membrane. Morpholino mediated knock-down of Col15a1 causes defects in notochord differentiation and in fast and
slow muscle formation as shown by persistence of axial mesodermal marker gene expression, disorganization of the peri-notochodal basement
membrane and myofibrils, and a U-shape myotome. In addition, the number of medial fast-twitch muscle fibers was substantially increased,
suggesting that the signalling by notochord derived Hh proteins is enhanced by loss of collagen XV. Consistent with this, there is a concomitant
expansion of patched-1 expression in the myotome of morphant embryos. Together, these results indicate that collagen XV is required for notochord
differentiation and muscle development in the zebrafish embryo and that it interplays with Shh signalling.
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The development and function of muscle fibers depend upon
a large number of secreted factors and require multiple inter-
actions with components of the extracellular matrix, in parti-
cular the basement membrane that surrounds each muscle cell.
It is known that the interaction between undifferentiated or dif-
ferentiated muscle cells and extracellular matrix components
not only provides support to muscle cells, but also plays a cri-
tical role in the development, growth and function of muscle
tissue. Mutations in several extracellular matrix proteins, such
as α2 laminin (Nissinen et al., 1996; Di Blasi et al., 2005) and⁎ Corresponding author. Fax: +33 4 72 72 26 02.
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doi:10.1016/j.ydbio.2007.12.033collagen VI (Higashi et al., 2006), or in the collagen receptor
integrin α7β1 (Hodges et al., 1997; Gawlik et al., 2006; Guo
et al., 2006), account for a substantial proportion of muscular
dystrophies. Inherited mutations in the genes encoding collagen
VI cause two muscle diseases in human, Bethlem myopathy and
Ulrich congenital muscular dystrophy (Jöbsis et al., 1996;
Camacho Vanegas et al., 2001).
Studies in mice have implicated another collagen, type XV,
in muscle function, its targeted inactivation causing skeletal
myopathy and cardiovascular defects (Eklund et al., 2001).
Collagen XVand the highly homologous collagen XVIII form a
distinct subgroup among the collagens called Multiplexin
(Multiple triple helix domains and interruptions) (Myers et al.,
1996; Kivirikko et al., 1994). Both proteins are characterized by
a central, highly interrupted triple helical domain, flanked by
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gen XV, like collagen XVIII, possesses thrombospondin-1
sequence homology in the N-terminus (TspN), several homo-
logous collagenous domains and highly homologous C-terminal
non-collagenous domains. The two proteins exhibit some dif-
ferences in their tissue distribution. Collagen XV is associated
with muscular, vascular, neuronal and some epithelial basement
membranes. The major producers of collagen XV are mesen-
chymal cells such as fibroblasts, muscle cells, and endothelial
cells as well as certain epithelial cells (Kivirikko et al., 1995). In
mice, the highest levels of collagen XV mRNA are found in the
heart and skeletal muscle (Hägg et al., 1997a). Despite the
generation and analysis of a mouse mutant, the function and the
mechanism of action of collagen XV in muscle development
remain obscure.
Myogenesis requires a complex genetic program that is in-
fluenced by a number of signals emanating from axial struc-
tures, in particular the notochord and the neural tube. The
notochord is a transient midline structure that is essential for
vertebrate development providing both mechanical and signal-
ling roles. Notochord plays a critical function in muscle deve-
lopment (for review, see Scott and Stemple, 2005). In zebrafish,
during the first stages of somitogenesis (about 10 hpf),
notochord derived Hedgehog (Hh) proteins induce medial
paraxial mesoderm – also known as adaxial cells – to become
slow twitch muscle fibers (Currie and Ingham, 1996; Blagden
et al., 1997; Du et al., 1997; Lewis et al., 1999; Drapeau et al.,
2002). Once induced, most of the adaxial cells migrate to the
surface of the myotome and differentiate into so-called Super-
ficial Slow Fibers (SSFs). But a minority remains medially
located and differentiates into another type of slow muscle fiber
called Muscle Pioneers (MPs) that produce the horizontal myo-
septa. Both types of fiber express the slow isoform of the Myo-
sin Heavy Chain (MyHC). In addition, MPs express two mem-
bers of engrailed genes, eng1 and eng2 (Hatta et al., 1991).
Subsequently, the remaining muscle progenitors in each somite
differentiate into fast muscle cells that express the fast MyHC
isoform. A subset of fast muscle cells located close to the no-
tochord, the so-called Medial Fast Fibers (MFFs), also express
the Eng protein, though at lower level than MPs (Roy et al.,
2001; Wolff et al., 2003). The specification of the different
muscle cell identities is dependent on the level, range and ti-
ming of Shh signalling (Wolff et al., 2003).
In zebrafish, the notochord is surrounded by a thick base-
ment membrane that provides a mechanical support and gives it
stiffness and rigidity. This peri-notochordal basement mem-
brane is constituted by three different layers as described by
Parsons et al. (2002). Although its molecular composition has
not yet been fully determined, recent reports indicate that extra-
cellular matrix components may play a crucial role in notochord
differentiation and signalling. Laminin has been reported to be
the major component of the notochordal basement membrane
(Parsons et al., 2002) and the phenotypes of the bashful,
grumpy, and sleepy zebrafish mutants, that encode laminin α1,
laminin β1, and laminin γ1, respectively, reveal that they are
essential for the differentiation of chordamesoderm to noto-
chord (Pollard et al., 2006). Other extracellular matrix compo-nents seem to have a function in notochord differentiation.
Expression of Col2a1 is most prominent in the chordameso-
derm and diminishes as these cells differentiate into notochord
(Yan et al., 1995). Col18a1 similarly undergoes a progressive
down-regulation as the notochord differentiates (Haftek et al.,
2003). The Hh signal must pass through this extracellular matrix
to activate the myogenic program in adaxial cells.
In this study, we set out to use the zebrafish as a model to
elucidate the in vivo function of collagen XV in muscle deve-
lopment. We have found that in the zebrafish embryo, collagen
XV is primarily located in the peri-notochordal basement
membrane where it is required for notochord differentiation. In
addition, our data implicate collagen XV in muscle development
and in signalling from the notochord to adjacent myoblast by Shh.
Materials and methods
Zebrafish strains and breeding
All experiment were performed using either the wild type (AB/TU) strain or
the Tg(BACsmyhc1:GFP)i108 transgenic line (Elworthy et al., submitted); Ge-
neral maintenance, collection and staging of adults and embryos were carried out
at the PRECI zebrafish facilities of the Ecole Normale Supérieure de Lyon
(ENS-Lyon, France) and at the zebrafish facilities of the University of Sheffield
(UK). They were reared and maintained at a constant temperature of 28 °C in a
14-h light cycle in compliance with UK Home Office and French Government
guidelines.
Cloning of the col15a1 zebrafish cDNA and sequence analysis
A zebrafish genomic clone (GenBank accession number CA477157)
showing high homology with mammalian Col15a1 was used to screen expressed
sequence tag (EST) banks with Basic Local Alignment Search Tool at NCBI. In
this way, a 300 bp clone (accession number 477292) has been isolated.
Alignment of cDNAs sequences allowed the determination of the full-length
cDNA sequence. This cDNAwas named Col15a1 cDNA clone for zebrafish in
accordance with collagen and zebrafish nomenclature. The DDBJ, EMBL and
GenBank accession number of the nucleotide sequence is AM259122.
Nucleotide and amino acid sequences were first analysed by DNAid and
PROSITE (PBIL) programs. Alignments and matrices of identity were per-
formed with CLUSTALW (NCBI) on both nucleic and putative amino acid
sequences.
Whole mount in situ hybridization
Whole-mount in situ hybridizations were performed according to Thisse
et al. (2004).
Riboprobe for zebrafish Col15a1 was transcribed from a template
comprising 1340 bp encoding the NC1 domain and including the restin domain.
A sense RNA probe complementary to the specific zebrafish Col15a1 probe was
prepared as negative control. Riboprobes for ptc1 (Concordet et al., 1996), ihhb/
ehh (Currie and Ingham, 1996), and Col2a1 (Yan et al., 1995) were prepared as
previously described.
Morpholinos
Morpholino antisense oligonucleotides were purchased from Gene Tools
(Philomath, OR).
The sequence of the morpholino antisense oligonucleotides Col15a1A was
5′GAAACTCCTTCTGGACCCATGATGA 3′, complementary to the region
from −5 to +20 and Col15a1B, 5′ CTGGACCCATGATGAAGACCCGAGG
3′, complementary to the region from −15 to +10. The followed five-base
mismatch, 5′GAAAgTCgTTCTGcACCgATcATGA 3′, was used as negative
control. Morpholinos were tagged with fluorescein at the 3′ end to monitor
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injected at 8 ng in 1× danieau buffer (58 mM NaCl, 0.7 mM KCl, 0.4 mM
MgSO4, 0.6 mM Ca(NO3)2, 5 mM Hepes pH7.6) into 1-cell stage embryos.
Time-lapse
The motility of embryos was analysed by placing 96 wells plate containing
zebrafish embryos on the stage of an inverted microscope (Zeiss, Axiovert
100M) (PLATIM, Lyon, France) connected to a video CCD camera (CoolSNAP
HQ monochrome) and a video-monitor. Images were automatically collected
every 0.5 s for 5 min using the Metamorph software program.
Ultrastructural studies
Wild type, negative control and morphant embryos were fixed in 1.5%
glutaraldehyde and 1.5% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4)
overnight at 4 °C followed by washing in 0.1 M cacodylate buffer, 10% sucrose
(1 h, 2 times) as previously described (Le Guellec et al., 2004). After post-
fixation in 1% osmium tetraoxide for 1 h at room temperature, samples were
dehydrated in a graded ethanol series (30% to 100%) and embedded in epoxy
resin. 1 μm thin sections were fixed on glass slides and stained with Toluidine
Blue for optical microscopy observation. For transmission electron microscope
analysis, ultra-thin 50-nm sections were stained with uranyl acetate and lead
citrate, and observed with a Philips CM120 electron microscope (Centre
Technologique des Microstructures, Université Lyon 1, France).
Immunochemistry
For whole-mount and frozen section immunostaining, embryos were
anaesthetized (0.01% tricaine), fixed in 4% paraformaldehyde overnight at
4 °C, and then washed several time in PBST (1× Phosphate Buffered Saline,
0.1% Tween 20). Fixed embryos were treated and permeabilized with 5% goat
serum, 0.5% Triton ×100 in PBS. Embryos and sections were incubated
overnight at 4 °C with FITC-phalloïdin (Sigma, Illkirch, France) or with the
primary antibody. Znp-1, F310 and 4D9 antibodies were purchased from the
Developmental Studies Hybridoma Bank (University of Iowa, USA) (Crow and
Stockdale, 1986; Devoto et al., 1996). β-Catenin antibodies were purchased
from Sigma (Illkirch, France). The production and characterization of polyclonal
antibodies against the NC8 domain of the mouse collagen XV were previously
described (Sasaki et al., 2000). After intense washing in PBS at room
temperature, embryo and sections were incubated 1–2 h at room temperature
with the secondary antibody conjugated to Cy-3 or Cy-2 (Jackson ImmunoR-
esearch). Sections and whole-mount embryos were observed with a Zeiss
confocal microscope (PLATIM, IFR 128, Université Lyon1, France). Images
were processed using Adobe photoshop software.Results
Cloning and characterization of zebrafish cDNA encoding
collagen XV alpha 1 chain
Cloning of zebrafish collagen XV cDNA was carried out
using a reported zebrafish sequence (accession number CA47
7157) that showed 58% homology with mouse and human
proα1(XV) chains. This clone was used to screen EST data
banks. Alignment of cDNA sequences allowed the determina-
tion of the full-length zebrafish collagen cDNA sequence. Its
total length was 3507 bp. The complete primary sequence de-
duced from the full-length cDNA is given in Fig. 1 and com-
pared with its human and mouse orthologs. The sequence (ac-
cession number AM259122) exhibits the Multiplexin collagen
features suggesting strongly that this cDNA encodes the zebra-
fish ortholog of human (NM001855) and mouse (NM009928)collagen proα1(XV) chains. The cDNA encodes an open rea-
ding frame of 1168 amino acid residues, including a potential
signal peptide of 28 residues, amino-(NC10) and carboxy-(NC1)
terminal non-triple helical domains comprising 332 and 270
amino acid residues respectively. These two non-collagenous
domains flank a central collagenous sequence that consists of
nine triple helical domains, COL1–COL9, varying in length
from 12 to 82 residues separated by non-triple helical domains,
NC2–NC9, which varies in length from 4 to 27 residues. Several
imperfections were found in different collagenous domains as
indicated in Fig. 1. The NC1 domain contains the typical restin
fragment of 175 residues including four cystein residues. Two
additional cystein residues were found in the NC10 domain and
three in the central collagenous sequence. The NC10 domain
contains a 210-residues sequence corresponding to TspN
domain, which presents a putative heparin-binding domain.
Two potential N-linked glycosylation sites are present in the
NC6 domain. There are 13 Ser–Gly sequences that could serve
as attachment sites for chondroitin sulfate. These results show
that the zebrafish collagen XV sequence shares similar general
features with the human and mice sequences.
Zebrafish Col15a1 is expressed mainly in the notochord
The spatial and temporal distribution of zebrafish Col15a1
was analysed by in situ hybridization on whole embryos at
different developmental stages using a DIG-labelled cRNA
probe encoding the entire NC1 domain. Col15a1 mRNA is first
detectable during the segmentation period (Fig. 2). At 10 hpf,
signal is restricted exclusively to the notochord (Figs. 2A, B).
From 15 hpf, Col15a1 expression decreases in the notochord
(Figs. 2C, D) and is not detectable in this tissue at later stages.
At 24 hpf, a weak signal is detected in the head region. The
notochord remains unlabelled, except in its caudal part, where
signal is detected in the chordo-neural hinge (Figs. 2E, F). At
36 hpf, only a weak signal in the head region is visible (Figs.
2G, H). This signal is more marked at 48 hpf in brain, in otic
vesicles and in pectoral fins (Figs. 2I, J). The specificity of the
hybridization signal was confirmed by hybridization with a
sense RNA probe (data no shown).
To determine where collagen XV protein is deposited in
embryos, immunostaining was performed using antibodies to
mouse collagen XV-NC8 domain (Fig. 3). These antibodies
cross-react with zebrafish collagen XV. At 48 hpf, the
immunostaining is restricted around the notochord, in the area
described as a basement membrane by Scott and Stemple (2005).
From our EM observations, this region also includes a fibrillar
network different form the basement membrane structure. There-
fore, the area around the notochord will be hereafter referred to as
the peri-notochordal sheath. Staining is also detected in skin (Fig.
3A) but this is likely to be non-specific (see below).
Loss of ColXV disrupts notochord differentiation and muscle
formation
To investigate the function of collagen XV in zebrafish
development, the morpholino-based knock-down strategy was
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Fig. 2. In situ hybridization of a col15a1 antisense RNA probe on whole mount zebrafish embryos from 10 to 48 hpf. (A, B) at 10 hpf, col15a1 expression is
exclusively restricted to the notochord. (C, D) at 15 hpf, expression decreases in notochord. An intense labelling remains in the caudal part (arrowhead). (E, F) at
24 hpf, col15a1 expression is vanished in notochord, except in the caudal part. Aweak signal of hybridization is also observed in the head region and in otic vesicles
(arrow). Insert shows the signal in the caudal notochord (arrow) and in the chordo-neural hinge (arrowhead). (G, H) at 36 hpf, a weak signal appears in pectoral fins.
(I, J) at 48hpf, a more intense col15a1 expression is detected in brain, in otic vesicle and in pectoral fins. Magnification: A–D: ×350; E–J: ×300.
25A. Pagnon-Minot et al. / Developmental Biology 316 (2008) 21–35employed using two different morpholinos targeted to the ATG
start codon of zebrafish Col15a1 (referred to as Col15a1-MOA
and Col15-MOB respectively) and a 5 mismatch-Col15a1MO
(referred to as Col15a1-MS) as negative control. The efficiency
and specificity of the morpholinos was assessed using the anti-
mouse NC8 antibodies. At 48 hpf, morphants lack the peri-
chordal sheath staining (Fig. 3B), though signal in skin is still
observed. We conclude that the morpholino is efficient at
blocking translation of the Col15a1 message and that the signal
in the skin represents cross-reaction with some other protein.
The morphant phenotypes (morphotypes) observed in embryos
injected with Col15a1-MOA or Col15a1-MOB being identical,
all the results described below have been performed using
Col15a1-MOA. Collagen XV morphants display a U-shape
myotome as confirmed by dystrophin immunostaining (Figs.
4F, G). At the histological level, defects in notochord and
in trunk muscle were observed (Figs. 4C–E). The horizontal
myosepta were absent. The general organization of morphantsFig. 1. Amino acid sequence of full-length zebrafish COL15A1 cDNA, deduced f
Matrices of identities are red boxed. The potential signal peptide is boxed. The arrows
Arrowhead indicates putative restin cleavage site. Cystein residues in the C-terminaappeared to be affected, but it is likely a consequence of the
defects observed in the muscle and notochord structure. Indeed,
no specific defects were observed at EM level in other tissues
including neural tube and in endoderm (see Supplementary
data).
Notochord differentiation and basement membrane integrity
are affected in collagen XV morphants
As shown in Figs. 5A, B, the vacuoles characteristic of noto-
chord cells, are much smaller in morphant embryos relative to
those of wild type and control injected embryos (mean vacuole
size 41 μm±8 μm (n=50) in 24 hpf WT embryos vs 8.5 μm±
3 μm (n=50) in morphants) indicative of a failure of the cells to
differentiate (Scott and Stemple, 2005). Cross-sections of the
trunk region of 48 hpf morphants reveal a disorganization of the
morphant peri-notochordal sheath (Fig. 4E). Immunostaining
with laminin antibodies shows that the basement membrane ofrom the nucleotide sequence. Alignments with human and mouse sequences.
flank the TspN domain. The central interrupted collagenous domain is bracketed.
l domain are underlined.
Fig. 3. Immunostaining of frozen cross-section of 48 hpf wild type (A) and
Col15a1-MO (B) zebrafish embryos using antibodies against mouse collagen
XV NC8 domain. (A) In wild type, collagen XV is deposited around the
notochord in the peri-notochordal sheath. A labelling is also observed in the
skin. (B) Collagen XV immunostaining is completely extinguished in collagen
XVmorphants attesting for the morpholino efficiency. Note that staining persists
in skin. Magnification: ×400.
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The defect observed in the peri-notochordal sheath was further
analysed at the ultrastructural level (Figs. 6A, B). In wild type as
well as in control (Col15a1-Ms) embryos, this region isFig. 4. 48 hpf embryos injected with anti-sense Col15a1 morpholinos (B) are almos
shorter. Histological analysis of collagen XV morphants. Transversal sections of w
Col15a1-MO, the peri-notochordal sheath is thinner compared to wild-type and contro
and horizontal myosepta are no visible. Neural tube and vessels are normal. (F, G) L
stained with antibodies to dystrophin to reveal the shape of myotomes. Contrary t
Magnification: A: ×200; B: ×200; C–E: ×400; F, G: ×300.composed of three distinct layers (Parsons et al., 2002). Closest
to the cell membrane is a faint diffuse layer corresponding to a
true basement membrane (arrow in Fig. 6A). Next to this
basement membrane is a dense fibrous layer running circularly
and perpendicularly to the chordal axis (“dl” in Fig. 6A), and
finally an outermost fibrous layer running parallel to the body
axis (“ol” in Fig. 6A). In collagenXVmorphants, the three layers
were present but the thin layer closest to notochord cells was
very difficult to observe (Fig. 6B). The two outer layers were
characterized by a lower number of more widely spaced collagen
fibers and by the disorganization of fiber arrays. Notochord cells
are filled with rough endoplasmic reticulum (RER) as in wild
type embryos. However, in morphants, RER always surrounds
multivesicular bodies. To analyse notochord differentiation, in
situ hybridizations were performed using two chordamesoderm
markers, Col2a1 and ihhb/ehh (Currie and Ingham, 1996). In 24
and 30 hpf wild type embryos, as notochord cells become
vacuolated, the ihhb/ehh expression does not persist (Fig. 5C)
whereas Col2a1 expression is only present in the hypochord and
floor plate (Figs. 5E, G) (Yan et al., 1995). In Col15a1
morphants, Col2a1 and ihhb/ehh expression persists in the
notochord at 24 hpf and 30 hpf (Figs. 5D, F, H) indicating thatt similar to the embryos injected with Col15a1-Ms (A) except they are slightly
ild-type (C), Col15a1-Ms (D) and Col15a1-MO injected embryos at 48hpf. In
l embryos. In 48 hpf collagen XVmorphants, the muscular tissue is disorganized
ateral views of wild-type embryos (F) and Col15a1-MO embryos (G) at 48 hpf
o wild type embryos (F), morphants (G) exhibit a U-shape of the myotomes.
Fig. 5. The lack of collagen XV affects the nototochord differentiation. (A) In 24 hpf wild type embryos, the notochord visualized by Nomarsky microscopy shows
cells with large vacuoles. (B) In collagen XV morphants, these vacuoles are smaller. Whole mount in situ hybridization of 24 hpf (C, E and inserts in G, H) and 30 hpf
(G, H) wild-type (C, E, G) and col15a1-MO (D, F, H) zebrafish embryos with Ehh (C, D) and Col2a1 (E–H) probes. In Col15a1-MO, a persistent strong expression of
the early chordamesoderm marker, ehh (D) and of Col2a1 (F, H) is observed in notochord. At 24 hpf, ehh expression (C) disappears and Col2a1 expression (E) is
restricted to the floor plate (arrow) and the hypochord (arrowhead) n wild type embryos. (I, J) Laminin immunostaining in wild-type (I) and col15a1-MO (J) embryos.
In morphants, the basement membrane is more diffuse and exhibits several staining interruptions. In figures A–F and I, J, the embryo head is on the left and the dorsal
side on the top. Magnification: A, B: ×600; C–F: ×300; G, H: ×900; I, J: ×400.
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Fig. 6. The lack of collagen XV disrupts notochordal basement membrane and prevents normal muscle striation. Transmission electron micrographs of the notochord
(A, B) and of the myotome of 48 hpf control (A, C, E) and morphant (B, D, F–I) zebrafish. (A) In wild type and in control embryos, basement membrane surrounding
the notochord (no) is constituted by three different layers: a true basement membrane (bm, arrow), a dense fibrous layer (dl) that surrounds the notochord (black bar),
and an outermost fibrous layer (ol) parallel to the notochord (white bar). (B) In Col15a1-MO embryos, the basement membrane is highly disorganized. In the dense
fibrous layer (dl), collagen fibers are not properly arranged. The outermost fibrous layer (ol) is less dense and more diffuse compared to control. (C, E) In 48 hpf control
embryos, myofibrils (my) are completely developed and the cytoplasm is overgrown with myofibrils. As observed in the longitudinal section (E) muscle striation is
complete. (D, F–H) In Col15a1-MO embryos, the number of myofibrils (my) is low. Myofibrils are preferentially located in the cortical area of the cells (C) and often
present an orthogonal arrangement (G). (F–H) Muscle striation (s) is more or less visible depending on the severity of the morphotype. (I) Multivesicular vesicles
which represent a sign of muscle degeneration are observed. Bar: 2 μm.
28 A. Pagnon-Minot et al. / Developmental Biology 316 (2008) 21–35expression of Collagen XV in the perichordal sheath is critical
for proper differentiation of the notochord.
Muscle development is affected in collagen XV morphants
From 24 hpf, the most evident defect observed in the col-
lagen XV morphants was a high reduction in motility. Whereas
24 hpf wild type and Col15a1-Ms embryo bodies rotate rapidly
around a virtual vertical axis and show twitched movements in
the tails (Fig. 7A), Col15a1-MO embryos were characterized by
a total absence of motility. Only short tail contractions have
been observed (Fig. 7B).
This lack of motion prompted us to analyse the muscle
structure in detail. The distribution of slow and fast muscle
proteins in 48 hpf Col15a1-MO and controls (Col15a1-Ms andwild-type embryos) was analysed using phalloïdin-FITC to
stain actin (Figs. 8A, B), F310 antibody to detect fast myosin
(Figs. 8E, F) and a transgenic line in which GFP is expressed
under the control of the slow myosin heavy chain 1 gene pro-
moter (Elworthy et al., submitted) to visualize slow fibers
specifically (Figs. 8C, D). As shown in Fig. 8, myofibril
alignment was disorganized in Col15a1-MO embryos. Myofi-
brils of both slow and fast muscles were undulated and oriented
in an unusual direction. Moreover, some parts of the myotome
were not labelled, reflecting a defect in muscle development.
The lack of staining was not due to a decrease in muscle cell
number as shown by β-catenin staining (Figs. 8G, H). The
measurement of the myotome length indicates that Col15a1-
MO muscles are smaller than WT muscles (50.4±11 μm vs
73.3±9.5 μm respectively). At the EM level, the trunk muscles
Fig. 7. Images extracted from video-tape recordings showing the loss of motility of zebrafish embryos injected with Col15a1 morpholinos (B) compared to control
embryos injected with Col15a1-Ms morpholinos. (A) Wild type embryos rotate and show twitch movements of the tail. (B) In contrast, Col15a1 embryos show only
few short contractions.
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at 48 hpf. Cytoplasm was overgrown with myofibrils, which
were surrounded by a well-developed membrane system. Mus-
cle cells showed clearly discernible and regular striation (Fig.
6E). By contrast, 48 hpf Col15a1 morphant embryos showed a
lower number of myofibrils that were often distributed in the
cortical areas of the cells (compare Fig. 6C with D). In
longitudinal sections, the sarcomeric structure is more or less
visible depending on the severity of the morphotype (Figs. 6F–
H). Moreover, in some areas, myofibrils exhibit an orthogonal
arrangement with longitudinal myofibrils close to transversal
myofibrils (Fig. 6G). This was never observed in control
Col15a1-Ms injected embryos or in wild types (Figs. 6C and E).
Col15a1-MOmuscle cells were characterized by a central, round
and clear nucleus and numerous polysomes in the cytoplasm
indicating their incomplete differentiation (Fig. 6D). The trans-
verse tubules and sarcoplasmic reticulum surrounding myofi-
brils were normally developed (Fig. 6D). Multivesicular bodies
were visible in several cells, a morphological marker of cell
degeneration (Fig. 6I). In longitudinal sections of 48 hpf
Col15a1-MO embryos, vertical myosepta were present although
thinner than in controls.
MFF specification is affected in collagen XV morphants
The specification of different myoblast fates in zebrafish
embryos, depends upon varying levels of Shh signalling activity
emanating from the notochord (Wolff et al., 2003). To invest-
igate whether the absence of collagen XVaffects the efficacy ofShh signalling, the differentiation of SFFs, MPs, and MFFs was
compared in wild type and morphant embryos. In 24 hpf wild
types, slow fibers are characterized by the expression of slow
Myosin Heavy Chain1 (sMyHC1) whereas the MPs express in
addition high levels of the Engrailed protein (Fig. 9). The MFFs,
a subset of fast fibers located closest to the notochord, also
express Eng1 protein, though at lower levels than MPs.
In the Col15a1-MO embryos, the specification of Shh-depen-
dent muscle-cell types was partially altered. Col15a1-Ms injected
embryos stained with 4D9monoclonal antibody, which recognizes
Eng1 protein, show a number and a distribution of MPs equivalent
to the wild type embryos (Fig. 9A). MPs are located at the
horizontal myosepta level and are surrounded by few MFFs. By
contrast, the number ofMFFs, identified on the basis of their lower
level of Eng staining and location relative to the MPs, increased
dramatically in Col15a1-MO injected embryos (Fig. 9B).
Expression of ptc1, which encodes the Shh receptor, is
prominent in adaxial slow myoblasts at early stages, and
becomes restricted to the MPs and the MFFs at later stages. In
collagen XV morphants, ptc1 expression at 9 hpf was normal in
adaxial cells (Figs. 10A, B), but from 5-somites stage to 24 hpf,
the expression domain was expanded (Figs. 10D, F) compared
to Col15a1-Ms and wild-type (Figs. 10C–E).
Col15a1 knockdown leads to abnormal primary motor-neuron
patterning
The development of three primary motor-neurons (CaP, MiP
and RoP) in zebrafish, depends upon the notochord, the hori-
Fig. 8. The lack of collagen XV disrupts slow and fast muscle patterning. (A, B) Lateral views of the myotomal segments of 48 hpf wild-type (A) and Col15a1-MO (B)
embryos, revealing the slow and fast fibers stained with phalloïdin-FITC (arrows). (B) Similar views of morphants reveal an important disorganization of myofibrils.
(C) 48 hpf wild-type and (D) Col15a1-MO smhc-GFP transgenic embryos, showing the organization of the slow fibers. Note that the slow fibers are collapsed in the
Col15a1-MO embryos and that the nuclei are less visible. (E, F) Medial views of wild-type (E) and Col15a1-MO (F) embryos, revealing the fast fibers stained with
mAb F310. At 48 hpf, only few Col15a1-MO fast fibers are observed, and large areas of the muscle are not stained (arrows). (G, H) Lateral views of 48 hpf wild-type
(G) and Col15a1-MO (H) staining with β-catenin antibodies show that the lack of collagen XV does not lead to a decrease in muscle cell number. Magnification: A–H:
×300.
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and Eisen, 2004). In 24 hpf Col15a1-MO morphants, the three
motor-neurons were present, but in 85% of cases, the axon
projections were shorter, irregular, and abnormally branched in
many segments (Fig. 11A) compared to controls (Fig. 11B).
Discussion
Our analysis of the full-length sequence of zebrafish collagen
XV deduced from Col15a1 reveals a structure very similar tothat of its mammalian orthologs. It contains nine collagenous
and ten noncollagenous domains, the length of which is more
often shorter than the human ortholog (Kivirikko et al., 1994).
The N-terminal noncollagenous domain (NC10) contains a 210
sequence found in TspN, a domain of unknown function also
present in collagens V, IX, XI, XII, XIV, XVIII, XXIV and
XXVII (Ricard-Blum and Ruggiero, 2005). The C-terminal
noncollagenous domain (NC1) contains the characteristic 175-
residues restin domain with the 4 cysteine residues that are a
signature of collagen XV and XVIII NC1 domains. Two other
Fig. 9. Transverse sections through the trunk of 24 hpf zebrafish embryos labelled with 4D9 antibody to identify muscle pioneers (arrows) and Medial Fast Fibers
(MFFs, arrowheads). (A) In wild-type embryo sections, muscle pioneers and MFFs are located at the horizontal myosepta level. (B) Sections of Col15a1-MO embryo
show an increased MFF number (n=60/65) whereas the muscle pioneer distribution and number are normal. Magnification: ×600.
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Gly sequences that can serve as attachment sites for chondroitin
sulfate (Muragaki et al., 1994). Compared to human collagen
XV, the number of Ser–Gly sequences is equivalent but their
location within the sequence is not conserved. Only 3 Ser–Gly
sequences are found in the amino-terminal non-triple helical
domain whereas 15 Ser–Gly sequences are present in human
ortholog (Muragaki et al., 1994). One potential N-linked glyco-
sylation site is found in zebrafish against six in the human α1
(XV) chain. Based on these differences, it is possible that ze-
brafish collagen XV is less glycosylated than its human
ortholog.Fig. 10. Ptc expression pattern in Col15a1-MO (B, D, G, H) compared to the wild-ty
expression is detected at 9 hpf in adaxial cells (arrow) and neural plate (asterisk)
myotomes of 24 hpf wild-type embryos in lateral (C), and dorsal views (E), and in cr
domain in the myotomes of Col15a1-MO embryos at 24 hpf. (D) Lateral view, (G) D
×500.Zebrafish collagen XV function in notochord differentiation
In human (Kiviriko et al., 1995; Myers et al., 1996; Hägg
et al., 1997a,b; Tomono et al., 2002) and mouse (Sasaki et al.,
2000), collagen XV localizes to basement membrane zones,
especially those surrounding skeletal muscles, cardiac muscles,
and vascular vessels. Here, we show that in zebrafish, the
Col15a1 gene is expressed primarily in the notochord and that
its protein product, collagen XV, is deposited in the peri-noto-
chordal sheath. Our results strongly suggest that collagen XV
plays an important role in the differentiation of the notochord.
We observed that the loss of collagen XV leads to defects inpe (A, C, E, F) embryos at 9 hpf (A, B) and 24 hpf (C–H). (A, B) Similar ptc1
of wild-type (A) and Col15a1-MO (B) embryos. (C, E, F) Ptc1 expression in
oss-sections of the trunk region (F). (D, G, H) Expansion of the ptc1 expression
orsal view, (H) Cross-section. Magnification: A, B: ×200; C–E, G: ×400; F, H:
Fig. 11. Projection pattern of primary CaP and MiP motorneurons in the wild-type (A) and Col15a1-MO (B) embryos. (A, B) Lateral views of confocal scans of 24 hpf
whole mount embryos stained with znp-1 antibody. Ventral motor nerve extends shorter or forms extended branched axons in B. Magnification: A, B: ×400.
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The peri-notochordal basement membrane is composed of a
variety of extracellular matrix molecules that interact to
facilitate the anchorage of notochordal cells. The loss of one
of these components disrupts the basement membrane organi-
zation. Laminin 1 and collagen IV, which have also been iden-
tified in peri-notochordal basement membrane, are the major
components of mammalian basement membranes. Removal of
laminin α1, β1 and γ1 chains prevents formation of the base-
ment membrane surrounding the notochord (Pollard et al.,
2006; Parsons et al., 2002). Knock-down of β1, γ1 and more
recently α1 (Paulus and Halloran, 2006) laminin gene expres-
sion phenocopies grumpy (gup), sleepy (sly) and bashful (bal)
mutants respectively, which all present a disrupted peri-
notochordal basement membrane. Laminin 1 was shown to be
essential but not sufficient for the differentiation of chordame-
soderm to notochord. In this report, collagen XV is shown to be
expressed later than laminin α1, β1 and γ1 chains, which
exhibit a maternal expression whereas collagen XV transcripts
are first detected at 10 hpf. Thus, collagen XV cannot be in-
volved in the early notochord differentiation process. Using
immunogold ultrastructural analysis, Amenta et al. (2005) have
observed that collagen XV is associated with the fibrillar
collagen network in very close proximity to the basement
membranes of different mouse tissues. The peri-notochordal
sheath is composed of three different layers, two of which are
composed of dense layers of collagen fibrils. The lack of colla-
gen XV can lead to the disruption of the peri-notochordal sheath
cohesion by affecting the connection between basement mem-
brane components and fibril network. The structural alteration
in peri-notochordal basement membrane results in notochord
differentiation defects, such as the abnormal persistence of
ihhb/ehh and col2a1 expression and smaller vacuoles in noto-
chordal cells. The integrity of the peri-notochordal sheath is
likely crucial for correct shaping of the notochord by providing
mechanical support to the notochord. However, we cannot rule
out that collagen XV, like laminins, acts directly on the noto-
chord differentiation. The most likely hypothesis is that the loss
of collagen XV perturbs cell attachment to the basement mem-
brane and leads to a loss of associated signals.
Inhibition of Collagen XV expression affects muscle
development and motor axon guidance
The loss of collagen XV expression in zebrafish does not
prevent the specification and differentiation of slow and fast
twitch muscle fibers, but disrupts myofibrillogenesis, resultingin a motility defect. In mouse, the accumulation of collagen XV
around each muscle cell coincides with primary myotube
formation and basement membrane deposition (Muona et al.,
2002). Moreover, lack of collagen XV in mice results in a mild
skeletal myopathy that increases vulnerability to exercise-
induced muscle injury. Together, this suggests a structural role
of collagen XV in providing mechanical stability of skeletal
muscles. In zebrafish, collagen XV is not localized in basement
membranes surrounding muscle cells, arguing against its pla-
ying a direct role in skeletal muscle integrity. Rather, we suggest
that collagen XV is able to influence muscle development
through the peri-notochordal sheath in which it is located. As
for notochord differentiation, collagen XV can have a structural
role in the integrity of basement membrane, which is likely
crucial for correct muscle differentiation induced by notochord
signalling. Collagen XV can also have a direct and more active
function as discussed below. These findings imply that a
component of the ECM is able to influence muscle development
at a distance, a role that contrasts with that of other ECM
molecules such as laminins. Recently, Hall et al. (2007) have
suggested that laminin α2 performs a mechanical function by
connecting the sarcolemma to the adjacent basement mem-
brane. Its absence in candy floss mutants leads to fiber detach-
ment external to the sarcolemma, and subsequently, to muscle
cell apoptosis. Myoblast fusion and myotube formation were
reported as totally normal.
Moreover, interactions between nerve cell projections and
molecules of the ECM are essential for the axons reach their
target (Hynes and Lander, 1992). Chondroitin sulfates, which
are present in zebrafish at the interface between notochord and
somites, are involved in axon growth (Bernhard and Schachner,
2000). We show that collagen XV is also located at the interface
between notochord and somites in zebrafish. The lack of
collagen XV affects motor axon guidance and thus argues in
favor of a role of collagen XV in axon growth. The mechanism
of action of collagen XV in this process is unclear. The defects
observed in axon projection can be due to the loss of the
notochordal basement membrane integrity. An alternative hypo-
thesis is that collagen XV serves as a guide to axon navigation
in the ECM. This has been suggested for two other components
of basement membranes, collagen IV and laminin, which are
expressed in correlation with axon elongation and nerve path-
way formation (reviewed by Luckenbill-Edds, 1997). However,
there is no evident correlation between the defect observed in
morphant muscle development and the disruption of nerve
input. Recently, Brennan et al. (2005) have observed that nic
mutants exhibit a normal sarcomere formation, but that the
Fig. 12. Hypothetical model of the molecular mechanism by which collagen XV
interplays with Shh signalling. The disruption of the peri-notochordal sheath
(green) resulting from collagen XV knock-down makes easier the Shh diffusion,
which leads to an enhancement of MFFs differentiation. In wild type, collagen
XV ensures the integrity and function of the peri-notochordal sheath, which is
crucial for correct Shh diffusion from notochord.
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crease in the mutants. These results suggest that the action of
collagen XV on axon growth and muscle development could
result from two independent mechanisms.
Collagen XV interplays with Shh signalling
A surprising but notable finding is the ectopic differentiation
of MFFs within the embryonic myotome of collagen XV mor-
phants. The dependence of three different muscle cell identities
on Shh signalling raises the question as to how the lack of
collagen XV affects only specification of MFFs. Significantly,
specification of SSFs and MPs by Shh precedes that of MFFs,
requiring early and continuous signalling (before 8 hpf) while
Shh signalling at a relatively late stage is sufficient for MFF
induction (after 10 hpf). In Col15a1 morphants, the unique ex-
pansion of MFFs correlates with the onset of collagen XV ex-
pression from 10 hpf, a stage after the induction of adaxial and
MPs cells by Shh. The loss of basement membrane integrity due
to knock down of collagen XV may lead to an increase in the
levels of Shh released from the notochord, resulting in an
increase in the numbers of fast twitch myoblast induced to
differentiate into MFFs (Fig. 12). The mechanism by which the
absence of collagen XV facilitates the Shh diffusion is un-known. One possibility is that the disorganization of basement
membrane network is sufficient to facilitate Shh diffusion.
Alternatively, there may be a direct interaction between Shh and
collagen XV that can control the movement of Shh. This latter
hypothesis is consistent with recent results demonstrating that
specific collagen domains can interact with cytokines and
growth factors to control cell differentiation and tissue morpho-
genesis (Zhu et al., 1999; Ramirez and Rifkin, 2003). Moreover,
a recent study showed that collagen XV monomers can self-
assemble into higher-order structures that may be instrumental
in spatial and temporal recruitment of modulators in growth,
development and pathological process (Myers et al., 2007).
Our findings provide new insights into the mechanism of
action of collagen in muscle development. Analysis of the con-
sequence of loss of collagen XV in mice suggests a structural
role, providing stability in skeletal muscle. Here, we show that
collagen XV is required for the differentiation of notochord, for
proper axon guidance and for the differentiation of functional
muscle fibers. The restrictive localization in the extracellular
compartment that surrounds the notochord and the effects of its
absence on the specification of MFFs suggest an active role of
collagen XV at least some aspect of muscle development. We
have shown that collagen XV is able to upregulate Shh sig-
nalling, but more investigation is necessary to understand how
collagen XV interplays with Shh signalling pathway.
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